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(57) Abstract: A vehicle includes 
an integrated drive module 
coupled to an axle thereof. The 
module includes a hydraulic motor 
configured to provide motive power 
at an output shaft, and a differentia] 
for distributing the motive power 
to right and left portions of the 
axle. The hydraulic motor and the 
differential are encased within a 
common housing. The vehicle may 
include a second integrated drive 
module having, within a housing, a 
second hydraulic motor (or multiple 
hydraulic motors), and a second 
differential coupled thereto and 
configured to distribute motive power 
to right and left portions of a second 
axle. The second module may also 
include a transmission within the 
same housing. The transmission may 
be a two speed or other multi-speed 
transmission. The second module 
is configured to operate in neutral 
while power demand is below a 
threshold, and to engage while 
the power demand exceeds the 
threshold. The second module may 
be configured to remain engaged for 
full-time four-wheel-drive operation. 



WO 2005/075233 A2 111111111119111111111111111111 



(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, C Y, CZ, DE, DK, EE, ES, FI, 
FR, GB , GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO, 
SU, Si, SK, TR), OAP1 (BH BJ, Cl\ CG, Q, CM, GA, GN, 
GQ, GW, ML, MR, NE, SN, TD, TG). 

Declarations under Rule 4.17: 

— as to applicant's entitlement to apply for and be granted 
a patent (Rule 4. 17(H)) for the following designations AE, 
AG, AL AM, AT, All, AZ, BA, BB, BG, BR, BW, BY, BZ, 
CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, 
EG, ES, Fl, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, 
JP, KE, KG, KP, KR, KZ, LC, IK, LR, LS, LT, LU, LV, MA, 
MD, MG, MK. MN, MW, MX, MZ, NA, NI, NO, NZ, OM, 
PG, PH, PL, PT, RO, RU SC, SD, SE, SG, SK, SL SM f SY, 



TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VC, VN, YU, ZA, 
ZM, ZW, ARIPO patent (BW, GH, GM, KE, LS, MW, MZ, 
NA, SD, SL, SZ, TZ, UG, ZM, ZW), Eurasian patent (AM, 
AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, 
BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, 
UU, IE, IS, FT, LT, LU, MC, NL, PL, PT, RO, SE, SI, SK, 
TR), OAPl patent (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, IV) 

— as to the applicant s entitlement to claim the priority of the 
earlier application (Rule 4J7(iii)) for all designations 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



WO 2005/075233 PCT/US2005/001725 



HYDRAULIC HYBRID VEHICLE WITH INTEGRATED 
HYDRAULIC DRIVE MODULE AND FOUR-WHEEL-DRIVE, 
AND METHOD OF OPERATION THEREOF 



BACKGROUND OF THE INVENTION 

5 Field of the Invention 

This application is directed to hydraulic hybrid vehicle technology, 
and in particular to a drive system thereof. 

Description of the Related Art 

Significant interest has been generated, in recent years, in hybrid 

10 vehicle technology as a way to improve fuel economy and reduce the 
environmental impact of the large number of vehicles in operation. The term 
hybrid is used in reference to vehicles employing two or more power sources to 
provide motive energy to the vehicle. For example, hybrid electric vehicles are 
currently available that employ an internal combustion engine to provide power to 

15 a generator, which then generates electricity to be stored in a battery or storage 
cells. This stored power is then used, as necessary, to drive an electric motor 
coupled to the drive train of the vehicle. 

There is also interest in the development of hybrid hydraulic vehicles, 
due to the potential for greater fuel economy, and a lower environmental impact 

20 than hybrid electric vehicles. Inasmuch as the present invention is directed to 
innovations and improvements in hybrid hydraulic technology, where reference is 
made to hybrid vehicles, or hybrid technology, it may be assumed that the 
reference is directed to hydraulic hybrids in particular, unless otherwise noted. 

Hybrid vehicles may be grouped into two general classes, namely, 

25 parallel hybrid and series hybrid vehicles. Parallel hybrid vehicles are vehicles 
employing a more or less typical engine, transmission, and drive train, with 
hydraulic components operating alongside. For example, Figure 1 shows what is 
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commonly referred to as a launch assisted vehicle 1 00. The vehicle 1 00, shown in 
wire-frame to illustrate selected components, includes an internal combustion 
engine 102, a transmission 104, a drive shaft 106, differential 108, drive axle 1 10, 
and drive wheels 1 12, as may be found in conventional vehicles. However, the 
5 vehicle 1 00 also includes a hydraulic pump/motor 1 14, in this case coupled to the 
drive shaft 106, and high and low pressure hydraulic accumulators 1 16, 1 18. 

A hydraulic pump/motor is a device that functions as a motor when 
fluid from a high-pressure fluid source is used to impart rotational force to an 
output shaft. On the other hand, if rotational force is applied from an external 

1 0 source to rotate the shaft, the device may be used as a pump, to pump fluid from a 
low pressure fluid source to high pressure. 

During normal operation, the vehicle 100 operates in a manner 
similar to conventional vehicles. However, when the vehicle operator applies the 
" brake, the pump/motor 1 14 is coupled to the drive shaft 106 such that rotation of 

15 the drive shaft 106 provides energy to draw fluid from the low pressure 
accumulator 118 and pump the fluid at high pressure to the high pressure 
accumulator 116. Engagement of the pump/motor 1 14 in this manner creates drag 
on the drive shaft, which is transferred to the drive wheels 112, slowing the vehicle 
1 00. In this way, a portion of kinetic energy of the moving vehicle is recovered and 

20 stored as hydraulic fluid under pressure. When the vehicle 100 is pulling away 
from a stop, or accelerating, the pump/motor 114 is again coupled to the drive 
shaft 106, while the pump/motor 114 is switched to motor mode, in which 
pressurized fluid drives the pump/motor 114, which in turn adds rotational energy, 
or torque, to the drive shaft 106. In this way, the pump/motor is utilized in these 

25 two modes such that energy that would otherwise be lost to friction in the brakes of 
the vehicle is stored, to be released later to assist the vehicle 100 in accelerating. 

According to another parallel hybrid scheme, the engine of a vehicle 
is used to drive a pump to pump fluid at high pressure into an accumulator. This is 
done during periods when the vehicle is cruising at a steady speed, or otherwise 
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demanding less than the engine is capable of providing when operating at its most 
efficient load. 

It is known that internal combustion engines used in motor vehicles 
are required to have a maximum output capacity that far exceeds the average 
5 requirements of the vehicle, inasmuch as such vehicles occasionally require power 
output levels far exceeding the average power output. For example, during 
acceleration from a stop, or for passing, etc., much more power is required than 
during periods when the vehicle is cruising at a steady speed. 

By using excess capacity of the engine to drive the fluid pump, the 

10 load on the engine can be increased to a point where the engine operates at a 
high level of fuel efficiency, while the excess energy is stored as pressurized fluid. 
Again, the energy stored as pressurized fluid may then be used to supplement the 
engine during periods when power requirements of the vehicle exceed the 
engine's maximum efficient output. This scheme may be implemented using a 

15 configuration similar to that shown in Figure 1, in which the single pump/motor 114 
is used to provide all the pumping and motoring function, or a second hydraulic 
pump may be provided, which is configured solely to be coupled to the engine 102 
for the purpose of pumping fluid to the high pressure accumulator 1 1 6. 

Other parallel hybrid configurations are also known in the art, and will 

20 not be discussed in detail here. 

Series hybrid vehicles have no direct mechanical link between the 
engine and the drive wheels of the vehicle. They do not employ a transmission or 
drive shaft as described with reference to parallel hybrid vehicles. In a series 
hybrid vehicle, a hydraulic pump is coupled directly to the crankshaft of the engine 

25 of the vehicle. All of the energy output of the engine is used to pump fluid from a 
low pressure accumulator to a high pressure accumulator. A second pump/motor 
is coupled to the drive wheels of the vehicle, and is driven by pressurized fluid from 
the high pressure accumulator. In such a vehicle, the engine may be operated 
with a load, and at a speed selected to provide maximum efficiency and fuel 

30 economy, without regard to the constantly varying speed of the vehicle itself. 
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The configuration and operation of parallel and series hybrid vehicles 
are described in detail in the following references: U.S. Patent No. 5,887,674, U.S. 
Patent Application No. 09/479,844, and U.S. Patent Application No. 10/386,029, all 
of which are incorporated herein by reference, in their entirety. 
5 Although hydraulic drive equipment has been used on commercial 

and off-road equipment and mobile devices for many years, hydraulic drive 
equipment has not yet found successful commercial application for on-road, 
private and multi-passenger vehicles as part of a "hybrid" powertrain. Such lack of 
implementation of hydraulic drive equipment in passenger vehicles has thus far 

1 0 prevailed in the prior art despite the tremendous fuel economy benefits that could 
be obtained for such vehicles through use of a hydraulic hybrid powertrain. As is 
known in the art, a principal obstacle to implementation of hydraulic drive 
equipment in passenger vehicles as a hybrid powertrain is the challenge of 
packaging the added hydraulic equipment (e.g., pump(s), motor(s), accumulators, 

15 hoses) in addition to conventional drivetrain components (e.g., engine, 
transmission, differential, etc.) into the very limited space generally available to 
such components in conventional passenger vehicle frames and styles. 

r 

Furthermore, the increase in cost and weight created by the addition of hydraulic 
equipment to the conventional drivetrain components in such vehicles somewhat 
20 offsets the benefits of a hydraulic hybrid drivetrain, by reducing the fuel economy 
benefits of the technology (due to increased vehicle weight) while simultaneously 
increasing vehicle cost. 

BRIEF SUMMARY OF THE INVENTION 

According to the principles of the invention, the obstacles in the prior 
25 art are alleviated, by reducing the size, weight and/or number of overall 
components required for creation of a commercially acceptable hydraulic hybrid 
drive passenger vehicle, and thereby allow packaging in a passenger vehicle, at a 
reduced weight and cost. 
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According to an embodiment of the invention, an integrated drive 
module, for providing motive power to a vehicle, is provided, having a machine 
casing, within which a hydraulic motor is enclosed, configured to convert energy in 
the form of pressurized fluid, to energy in the form of torque applied to an output 
5 shaft of the motor. A differential, also enclosed within the casing, is coupled to the 
output shaft of the motor and configured to distribute the torque to right and left 
drive axle segments. The drive module may also include a multi-speed 
transmission enclosed within the casing and coupled between the output shaft and 
the differential. 

10 According to another embodiment of the invention, the integrated 

drive module is configured to provide regenerative braking, by placing the 
hydraulic motor in a pump configuration to use torque at the drive axle segments to 
pressurize fluid. 

According to another embodiment of the invention, a vehicle is 
15 provided, having a plurality of axles, with each axle having a plurality of wheels 
coupled thereto. The vehicle also includes an integrated drive module coupled to 
one of the plurality of axles. The module includes a hydraulic motor configured to 
provide motive power at an output shaft thereof, and a differential coupled to the 
output shaft and configured to distribute the motive power to right and left portions 
20 of the axle. The first hydraulic motor and the first differential are encased within a 
common housing. 

According to another embodiment of the invention, the vehicle 
includes a second integrated drive module having, within a housing, a hydraulic 
motor and a differential coupled to the motor and configured to distribute motive 
25 power to right and left portions of a second one of the plurality of axles. The 
second module may also include a transmission within the same housing. The 
second module may be configured to operate in a neutral mode while a power 
demand is below a selected threshold, and to operate in an active mode, providing 
motive power to the second axle, while the power demand exceeds the selected 
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threshold. Alternatively, the second module may be configured to operate in the 
active mode regardless of the power demand relative to the selected threshold. 

According to an additional embodiment of the invention, a method for 
achieving a smooth transition between a 1 :1 gear ratio and a high gear ratio (e.g., 
5 3:1) with just one transmission step change is provided. The method includes 
sensing an increase in demand for motive power from a vehicle, applying an 
increased amount of torque from a hydraulic motor to an output shaft of the motor, 
responsive to the increased demand for motive power, transmitting the torque from 
the output shaft of the hydraulic motor to a differential through an operatively 
10 connected multi-speed transmission engaged in a first gear ratio, and distributing 
the torque to right and left drive axle segments of the vehicle through the 
differential, the differential being enclosed within a common housing with the 
hydraulic motor and multi-speed transmission, and the housing being attached to 
the vehicle. 

15 The method also includes destroking the hydraulic motor for a 

selected time interval to temporarily reduce the amount of torque supplied by the 
hydraulic motor during that time interval, changing the gear ratio of the multi-speed 
transmission from the first gear ratio to a second gear ratio in conjunction with the 
time interval, and restroking the hydraulic motor to again increase the amount of 

20 torque supplied by the hydraulic motor responsive to a continued demand for 
motive power from the vehicle. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S) 

Figure 1 shows a vehicle with a launch assist system, according to 

known art. 

25 Figure 2 shows, in cross section, an integrated drive module, 

according to an embodiment of the invention. 

Figure 3 shows, in cross section, an integrated drive module, 
according to another embodiment of the invention. 
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Figure 4 shows, diagrammatically, a system according to an 
embodiment of the invention. 

Figure 5 shows, in cross section, an integrated drive module, 
according to another embodiment of the invention. 
5 Figure 6 shows a portion of a truck chassis, rear axle assembly, and 

a drive module according to another embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

It will be recognized that a hydraulic hybrid vehicle uses several 
components that are not found in a conventional vehicle. For example, such 
10 vehicles employ at least one, and frequently two or more, pump/motors. In 
addition, high and low pressure accumulators are used, as well as switching valves 
and plumbing. Offsetting this additional equipment, in some cases, is the 
elimination of a drive shaft and a transmission. Nevertheless, it will be recognized 
that any reduction in weight will result in improved fuel economy. 
15 Figure 2 illustrates the principles of the invention, according to a first 

embodiment. As illustrated in Figure 2, a pump/motor 124 and a differential 126 
are incorporated into a common housing 122. The housing 122 includes a 
differential cover 123, a pump/motor cover 125, and a support frame 127. The 
output shaft 128 of the pump/motor carries a drive gear 132. The drive gear 132 
20 directly engages the ring gear 130 of the differential 126, which is coupled to right 
and left segments 129, 131 of a vehicle axle. 

By incorporating the pump/motor 124 and the differential 126 within a 
common housing, several advantages are realized. First, the casing 122 of the 
integrated pump/motor/differential module 120 weighs less than the combined 
25 casings of a conventional pump/motor and differential. Second, by incorporating a 
common support frame 127, the coupling between the pump/motor 124 and 
differential 126 is more secure and rigid than would be the case given a more 
conventional coupling. Third, because the drive gear 1 32 on the output shaft 128 
directly engages the ring gear 130 of the differential 126, there is no need for a 
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separate input or pinion shaft for the differential 126. Fourth, the hydraulic fluid 
that powers and lubricates the pump/motor may also provide lubrication for the 
differential. Finally, because the coupling between the pump/motor 124 and the 
differential 126 is very short and direct, intermediate coupling mechanisms, such 
5 as drive shafts, universal joints, or gears are also eliminated, thus further reducing 
weight and volume, and eliminating drag that might be contributed by these 
coupling components. 

The term "passenger vehicle," as used in this specification, may be 
understood to refer to a vehicle configured to carry a driver, or operator, and at 

1 0 least one passenger. 

In designing a transmission and shifting scheme for operation of a 
passenger vehicle, one must pay attention to various objectives and requirements 
for the design. For example, one primary objective in the design is to acceptably 
meet the high load, low speed performance requirements of the vehicle (e.g., as in 

1 5 initial acceleration). As a result, commercially acceptable passenger vehicles must 
be capable of providing a relatively high gear ratio, such as approximately 3:1 or 
more for relatively large vehicles such as SUVs and trucks. In addition, in order to 
maximize fuel economy for passenger vehicles at lower load and higher speed 
conditions, the transmission should, of course, also provide for an approximate 1:1 

20 direct drive gear ratio. For performance and fuel economy objectives for the 
vehicle, these two respective forward gear ratios are generally sufficient to meet 
the particular objectives at hand. 

However, a third necessary design objective also comes into play, 
which has resulted in a prevailing need in the prior art for multi-speed 

25 transmissions with more than just two forward speeds. In particular, the third 
objective in designing a transmission and shifting scheme for a commercially 
acceptable passenger vehicle is that the transition between gears must be smooth, 
without any harsh jerk felt by the driver or passenger in shifts. For this reason, in a 
conventional passenger vehicle, an increase in gear ratios between successive 

30 gears utilized for the vehicle is generally less than double the ratio for the previous 
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gear (e.g., 1:1 to 2:1 or less), and frequently much less, to avoid unacceptable 
harshness in shifting. As a result, conventional multi-speed transmissions for 
passenger vehicles require more than just two forward speeds to obtain good 
driveability, mandating greater transmission cost, size, and complexity, and 
5 decreasing the potential fuel efficiency of the vehicle through the inability to quickly 
and directly shift between the vehicle's optimal high and low gear shift ratios. 

Figure 3 illustrates an integrated drive module 140 according to 
another embodiment of the invention. In addition to the pump/motor 124 and 
differential 126, as described with reference to Figure 2, the drive module 140 

10 includes a transmission 142. 

The transmission 142 of the embodiment of Figure 3 is a two-speed 
automatic transmission of a planetary gear box type with two f orward ratios and a 
geared neutral. Because the pump/motor 124, unlike typical internal combustion 
engines, is capable of operating in forward and reverse, it is not necessary for the 

15 transmission 142 to include a reverse gear, thus reducing the necessary size of 
the transmission. Transmissions of other types and designs may also be 
incorporated, according to the principles of the invention. 

For example, becaiise the pump/motor 1 24 can destroke to a zero 
displacement configuration, in which no torque is contributed by the pump/motor 

20 124 to the drive train, a geared neutral is not essential, according to the principles 
of the invention. The pump/motor at zero displacement with low pressure to each 
port provides an effective neutral with low frictional drag. 

However, by providing the geared neutral in the embodiment of 
Figure 3, even the minimal drag added by the pump/motor 124 is eliminated, while 

25 in neutral. Thus, the integrated drive module 140 may be used in applications 
where the module 140 is not a primary drive device, and so may be offline for 
extended periods. In such an application, the added expense and weight of the 
geared neutral is offset by the savings in fuel economy afforded by the elimination 
of the drag, and the reduced wear of the pump/motor while in neutral. 
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In addition, the drive module 140 does not require a clutch between 
the pump/motor 124 and the transmission, to allow dynamic shifting from a first 
gear to a second gear. During a gear shifting event the pump/motor 124 is 
destroked to zero displacement to temporarily reduce the amount of torque 
5 supplied by the pump/motor 124 during the shifting event. Following the shift, the 
pump/motor 1 24 is restroked to the displacement needed for the desired torque in 
the second gear. Since the rotating inertia of the pump/motor 124 is similar in 
magnitude to that of a conventional clutch assembly for a similar size/torque drive 
system, simple synchronizers on the transmission gears, which are well known in 

10 the art, may be used to allow smooth and rapid gear changes. 

The pump/motor 124, differential 126, and transmission 142 are 
integrated within a single housing 154, comprising several component parts, 
including differential and pump/motor covers 155, 157, a transmission cover 159 
and a main support frame 161 . The same hydraulic fluid required for operation of 

1 5 the pump/motor may also be used for operation of the transmission, as well as for 
lubrication of the differential. 

As with the embodiment of Figure 2, : the embodiment depicted in 
Figure 3 provides the advantage of reducing size, weight, and drag as compared 
with conventional assemblies in which individual components are independently 

20 mounted to a vehicle frame, and coupled together via external mechanisms. 

According to an embodiment of the invention, as illustrated in 
Figure 4, a vehicle 160 is provided. The vehicle 160 includes an internal 
combustion engine 162 coupled via a crankshaft 163 to a pump/motor 164. The 
engine 162 is configured to drive the pump/motor 164, pumping fluid from a low 

25 pressure accumulator 176 to a high pressure accumulator 174. A primary 
integrated drive module 182, similar to drive module 120 of Figure 2, incorporating 
a pump/motor and differential, is coupled to a primary drive axle 166 comprising 
first and second axle shafts 167, 169, which are in turn coupled to respective 
primary drive wheels 170. A secondary integrated drive module 184, similar to 

30 drive module 140 of Figure 3, incorporating a pump/motor, differential, and 
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transmission, is coupled to a secondary drive axle 168, comprising third and fourth 
axle shafts 171, 173, which are in turn coupled to respective secondary drive 
wheels 172. 

An electronic control unit 1 80 (ECU) is configured to monitor various 

5 operations and parameters, such as vehicle speed, engine speed, and fluid levels 
in each of the high and low pressure accumulators 174, 176, as well as operating 
parameters of the pump/motor 164 and the primary and secondary integrated drive 
modules 1 82, 1 84. The ECU 1 80 is further configured to control fluid valves, which 
in turn control the operation of the pump/motor 164 and the pump/motors of the 

1 0 first and second integrated drive modules 182, 184. The electronic control unit 180 
may also be configured to monitor vehicle operating parameters such as 
accelerator position, brake position, and selection lever position, the selection lever 
being used by a vehicle operator to select forward and reverse operation of the 
vehicle, for example. In addition, the ECU 180 may also be configured to control 

15 the throttle position of the engine 162. 

Fluid connections between components are shown generally as fluid 
transmission lines 1 77, while connections between the ECU 1 80. and the various 
components are shown as control lines 175. Additionally, valve circuits ?re not 
shown. It will be recognized that in practice there may be multiple fluid lines, data 

20 and control cables, sensors, valve blocks and other devices for proper operation of 
the system. Such devices are well known in the art, and are therefore not 
described in detail. 

The functions described as being performed by the ECU 180 do not 
have to be centralized as shown, but may be shared or distributed among several 

25 components of the vehicle 160, or multiple ECU's. Additionally, some of the 
monitor and control functions described as being performed by the ECU may not, 
in all embodiments, be electronic in nature. For example, mechanical, pneumatic, 
hydraulic, and chemical control and feedback systems may be employed. All such 
variations are considered to fall within the scope of the invention. 



11 



WO 2005/075233 



PCT/US2005/001725 



In operation, according to the embodiment illustrated in Figure 4, the 
primary integrated module 182 is sized and configured to provide adequate power 
to operate the vehicle 160 during normal operating conditions. For example, when 
operating at a steady speed on a level, or descending grade, the secondary drive 
5 module 184 is in a neutral configuration, providing no additional motive power to 
the vehicle 160. When the operator of the vehicle 160 requires acceleration or 
demands a greater output of power than the primary module 182 is capable of 
producing, the ECU 180 directs the secondary integrated drive module 184 to 
engage and provide the necessary additional power. Based upon the speed of the 

1 0 vehicle, and the power requirement, the ECU 1 80 may select either the first or the 
second gear of the transmission of the second integrated drive module 184. 

For example, when starting from a dead stop, both drive modules 
182, 184 may be engaged to provide the necessary acceleration, with the 
secondary drive module 184 in first gear. As the vehicle 160 accelerates and 

1 5 passes through a threshold where the secondary drive module 184 operates more 
efficiently in the second gear, the ECU 180 will direct the transmission of the 
secondary drive module 184 to shift into the second gear, for continued smooth 
acceleration. When the vehicle 160 reaches a cruising speed, and the power 
demand drops to within the capability of the primary module 182, or through a 

20 selected threshold, the transmission of the secondary module 1 84 is returned to a 
neutral configuration. As previously explained, a geared neutral allows the 
pump/motor of the secondary drive module 184 to be taken completely offline, 
such that even the minimal drag of the fully destroked motor is eliminated. 

The ECU 180 also controls the stroke angle of the pump/motors of 

25 the primary and secondary drive modules 182, 184, selecting a stroke angle 
appropriate to the current demand for power, and the output capacity of the 
respective pump/motors. 

During a braking operation, the ECU 180 directs the primary 
integrated drive module 182 to reverse fluid flow, as described with reference to 

30 the pump/motors in the background section, to act as a regenerative brake, 
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drawing fluid from the low pressure accumulator 176 and moving that fluid at high 
pressure into the high pressure accumulator 174. During regenerative braking, the 
second integrated drive module may be placed in a neutral configuration. 

Because a pump/motor is capable of much greater low end torque, 
5 compared to its maximum torque, than an internal combustion engine, it is capable 
of smoothly shifting between much more disparate gear ratios. For example, a 
vehicle employing a system such as that described with reference to Figure 4 may 
shift between a 1:1 gear ratio and a high gear ratio (e.g., 3:1) with just one 
transmission step change, thereby eliminating the prior art need in passenger 

10 vehicles for intermediate gear ratios to smoothly effect such transitions in a 
commercially acceptable manner. In this way, the cost and complexity of a 
transmission may be reduced, as compared to a conventional vehicle with similar 
load and performance capabilities. 

In order to effect a smooth gear change, the ECU 1 80 destrokes the 

15 pump/motor of the secondary module 184 to zero displacement, shifts the 
transmission from first to second gear, then restrokes the pump/motor to an angle 
selected to substantially match the level of acceleration present just prior to 
destroking. From this point, the stroke angle may be smoothly increased to 
increase acceleration, based upon the accelerator position selected by the vehicle 

20 operator. 

While the principles of the invention are described and illustrated with 
reference to a two speed transmission, the scope of the invention is not limited to 
two speed transmissions, but also includes transmissions having three or more 
speeds. For example, the principles of the invention may be practiced to 

25 advantage in a transmission using three forward speeds in an application that 
might otherwise require five, in a conventional vehicle. 

It is known that internal combustion engines, while capable of 
meeting a wide range of speeds and loads, typically have ranges of speed and 
load levels at which they operate at highest efficiency. That is to say, there are 

30 speed and load levels at which the most power is produced per unit of fuel 
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consumed. The vehicle 160 may be configured to operate such that the engine 
162, controlled by the ECU 180 t drives the pump/motor 164 within a range of 
efficient speeds and loads, regardless of the power demanded by the operator of 
the vehicle 160. The size and capacity of the engine 162 is selected to meet or 
5 exceed the average power requirements of the vehicle 160, within the engine's 
most efficient operating range. 

Accordingly, under most conditions, the engine 162 operates within 
its most efficient range of speeds, driving the pump/motor 164 to pump fluid from 
the low pressure accumulator 176 to the high pressure accumulator 174, which is 

10 then used as required to drive the vehicle 160. The ECU 180 may be configured 
to shut down the engine 162 in the event that the high pressure accumulator 174 
becomes fully charged, such as when the vehicle 160 is operated for an extended 
period at less than its average power consumption. Alternatively, in the event that 
the vehicle 160 exceeds its average power requirements, the ECU 180 may be 

15 configured to advance the throttle of the engine 162 to a speed outside its most 
efficient range of operating speeds, but within its power capabilities, when the fluid 
level in the high pressure accumulator 174 drops below a selected threshold. 

Inasmuch as the engine 162 is not required to be capable of the 
power output levels that would be necessary to provide the short term acceleration 

20 or power demanded for normal driving conditions, the engine 162 may be of 
significantly lower capacity than would be necessary for a vehicle of similar size 
and power output, given a conventional power train. The engine 162 need only be 
capable of meeting, within its most efficient range of operating speeds, the 
average demands of the vehicle 160, while being capable of operating somewhat 

25 above those average demands when necessary. Thus, the size of the engine 162 
may be reduced, as compared to a conventional vehicle, thereby reducing the 
overall weight of the vehicle, further improving fuel economy. 

The ECU 180 is configured to control the stroke angle of the 
pump/motors of the primary and secondary drive modules 182, 184, the selection 

30 of the drive gear of the transmission of the secondary drive module 184, and the 
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power output of the engine 162, based upon selected parameters. For example, 
the selection may be based upon maximum efficiency of operation, for the purpose 
of optimizing fuel economy and reducing emissions. Alternatively, the selection 
may be based upon best possible power output, for use in high performance 
5 vehicles. In another case, the selection may be based upon a requirement to 
minimize wear on the components of the system, or on a particular one of the 
components. The decisions made by the ECU 180 in controlling the various 
parameters of the system, and selecting thresholds for particular events, may be 
made using a variety of tools. For example, real time calculations based on sensor 
10 inputs, look-up tables, pre-established limits, and combinations of the above, may 
all be employed. 

According to an embodiment of the invention, a manual override is 
provided, such that a vehicle operator may engage the secondary drive module full 
time, for four-wheel-drive operation. Unlike conventional four-wheel-drive vehicles, 

15 the vehicle 160 of Figure 4 does not require a differential between the front and 
rear axles, further reducing the mass and complexity bf the vehicle 160, as 
compared to a conventional vehicle. Thus, in addition to use in passenger 
vehicles and light duty trucks, the system described with reference to Figure 4 is 
ideal for use in light sport-utility and off-road vehicles. 

20 Figure 5 illustrates an integrated drive module 190 according to 

another embodiment of the invention. The integrated drive module 190 includes 
first and second opposing pump/motors 192, 194, two-speed transmission 196, 
and differential 198 (details of the differential are not shown). The integrated drive 
module 1 90 includes a casing 200, configured to enclose the various components 

25 thereof in a manner similar to that described with reference to previous 
embodiments. 

The opposing pump/motors 192, 194 are configured to operate in 
tandem, namely, they are coupled together such that the stroke angle of each 
pump/motor 192, 194 is substantially equal to that of the other. Thus, axial forces 
30 generated within each pump/motor are largely canceled by those generated by the 
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opposite pump/motor. A detailed description of the structure and operation of 
opposing pump/motors of the type illustrated in Figure 5 may be found in U.S. 
Patent Application No. 10/620,726, which is incorporated herein by reference, in its 
entirety. 

5 One advantage of opposing pump/motors such as those shown in 

the embodiment illustrated in Figure 5, is that, for a total given maximum 
displacement, two synchronized pump/motors in opposition, such as those shown 
in the drive module 190 of Figure 5, have a lower total mass and size than would a 
single pump/motor having an equivalent maximum displacement. Accordingly, an 

10 application requiring a greater maximum power output than can be provided by 
drive modules of previously described embodiments may employ the drive module 
190 of Figure 5, which, given an equal, or slightly greater mass, is capable of a 
much higher maximum output. 

One application of the integrated drive module 1 90 of Figure 5, is in a 

1 5 vehicle such as that described with reference to Figure 4, in place of the secondary 
drive module 184, where the vehicle is a medium duty vehicle requiring a greater 
maximum output, such as a larger sport-utility vehicle or truck: 

Figure 6 illustrates an integrated drive module 210 and rear axle 
assembly 212 of a vehicle according to another embodiment of the invention. 

20 Integrated module 210 includes first, second, and third pump/motors 214, 216, 
218, and differential 220. The differential 220 is coupled to first and second axle 
shafts 222, 224, which are in turn coupled to drive wheels 226. 

Functionally, the integrated drive module 210 operates in a manner 
similar to a combination of the primary and secondary integrated drive modules 

25 182, 184, as described with reference to Figure 4. For example, if the vehicle 
associated with the integrated drive module 210 and rear axle assembly 212 is 
cruising at a fixed speed, only the pump/motor 218 may be engaged and providing 
motive power to the vehicle, while the first and second pump/motor 214, 216 
remain in a neutral configuration. Alternatively, when additional power is required, 

30 such as for acceleration or for climbing an incline, the first and second 
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pump/motors 214, 216 are engaged to provide additional motive force, as required. 
It may be seen that, in the configuration illustrated in Figure 6, the first and second 
pump/motors 214, 216 are in an opposing configuration, similar to that described 
with reference to the integrated drive module 190 of Figure 5, and so enjoy similar 
5 advantages. 

The integrated drive module 210 may be advantageously employed 
to provide motive power to larger vehicles, such as larger trucks or step vans of 
the type used for collecting and distributing freight items in urban areas, trucks 
used to collect refuse, tow trucks, and other large vehicles employed in urban 

10 environments. 

It will be recognized that, while the various embodiments of the 
invention have been described with reference to a yoked bent-axis pump/motor, 
there is a wide variety of pump/motor types that may be used in connection with 
the embodiments of the invention. For example, other types of pump/motors 

15 include the sliding valve plate bent-axis pump/motor, the swash plate pump/motor, 
the wobble plate piston pump/motor, and the radial piston pump/motor. These and 
other hydraulic motor devices are considered to fall within the scope of the 
invention. 

All of the above U.S. patents, U.S. patent application publications, 
20 U.S. patent applications, foreign patents, foreign patent applications and non- 
patent publications referred to in this specification and/or listed in the Application 
Data Sheet, are incorporated herein by reference, in their entirety. 

From the foregoing it will be appreciated that, although specific 
embodiments of the invention have been described herein for purposes of 
25 illustration, various modifications may be made without deviating from the spirit 
and scope of the invention. Accordingly, the invention is not limited except as by 
the appended claims. 
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CLAIMS 

1 . An integrated drive module for providing motive power to a 
vehicle, comprising: 

a machine casing; 

a hydraulic motor enclosed within the casing and configured to 
convert energy in the form of pressurized fluid to energy in the form of torque 
applied to an output shaft of the motor; and 

a differential enclosed within the casing, coupled to the output shaft 
and configured to distribute the torque to right and left drive axle segments of the 
vehicle. 

2. The drive module of claim 1 , further comprising a multi-speed 
transmission enclosed within the casing and coupled between the output shaft and 
the differential; 

3. The drive module ofclaim 2 wherein the transmission is a two- 
speed transmission. 

4. The drive module of claim 2 wherein the motor and 
transmission share a common fluid reservoir. 

5. The drive module of claim 1 , further comprising at least one 
additional hydraulic motor enclosed within the casing, with one or more of the 
hydraulic motors in the module configured to operate in a neutral mode during 
normal operating conditions, and, during high load conditions, to convert energy in 
the form of pressurized fluid to energy in the form of torque applied to an output 
shaft thereof coupled to the differential. 
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6. The drive module of claim 1 , further comprising an additional 
hydraulic motor enclosed within the casing and configured to operate in tandern 
with the hydraulic motor, such that the hydraulic motor and the additional hydraulic 
motor maintain a common stroke angle, the additional hydraulic motor having an 
output shaft coupled to the output shaft of the hydraulic motor. 

7. The drive module of claim 1 wherein the differential is 
configured to transmit torque from the right and left drive axles to the output shaft 
of the hydraulic motor, and wherein the motor is configured to function in a pump 
mode to use torque at the output shaft of the motor to pressurize fluid. 

8. The drive module of claim 7 wherein the hydraulic motor is a 
pump/motor capable of regenerative braking. 

9. The drive module of claim 1 wherein the hydraulic motor is a 
bent-axis type motor. 

10. The drive module of claim 1 wherein the hydraulic motor is a 
swash plate type motor. 

11. The drive module of claim 1 wherein the hydraulic motor is 
configured to selectively apply torque in a clockwise and counter-clockwise 
direction at the output shaft. 

12. A vehicle, comprising: 

a plurality of axles coupled to the vehicle, each axle having a plurality 
of wheels coupled thereto; and 

a first integrated drive module coupled to a first of the plurality of 
axles, the module including a first hydraulic motor configured to provide motive 
power at an output shaft of the first motor, and a first differential coupled to the 
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output shaft and configured to distribute the motive power to right and left portions 
of the first of the plurality of axles, the first hydraulic motor and the first differential 
being encased within a common housing. 

1 3. The vehicle of claim 12 wherein the first module also includes 
a multi-speed transmission coupled between the first hydraulic motor and the first 
differential within the casing. 

14. The vehicle of claim 1 3 wherein the multi-speed transmission 
is a two speed transmission. 

15. The vehicle of claim 12, further comprising a second 
integrated drive module coupled to a second of the plurality of axles, the second 
module including a second hydraulic motor configured to provide motive power at 
an output shaft of the second motor, and a second differential coupled to the 
output shaft of the second motor and configured to transmit the motive power 
differentially to right and left portions of the second of the plurality of axles, the 
second hydraulic motor and the second differential being encased within a 
common housing. 

16. The vehicle of claim 15 wherein the second integrated drive 
module is configured to operate in a first, neutral operating mode while a demand 
for motive power is less than a selected threshold, and operate in a second, active 
operating mode, to provide motive power to the second one of the plurality of 
axles, while the demand for motive power is greater than the selected threshold. 

17. The vehicle of claim 16, further comprising an electronic 
control unit configured to monitor the demand for motive power and control 
selection of an operating mode of the second integrated drive module, based upon 
a comparison of the demand with the selected threshold. 
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1 8. The vehicle of claim 1 7 wherein the electronic control unit is 
further configured to be overridden by a vehicle operator to place the second 
integrated drive module in the second operating mode without regard for the 
demand for motive power. 

1 9. The vehicle of claim 1 5 wherein the second integrated drive 
module includes a multi-speed transmission. 

20. The vehicle of claim 1 9 wherein the multi-speed transmission 
includes a geared neutral. 

21. The vehicle of claim 12 wherein the first integrated drive 
module is further configured to brake the vehicle by pumping fluid to a high 
pressure accumulator utilizing torque from the first of the plurality of axles. 

22. The vehicle of claim 12, further comprising: 

an internal combustion engine coupled to the vehicle; and 

a hydraulic pump coupled to a crankshaft of the engine and 

configured to utilize torque from the crankshaft to pump fluid from a low pressure 

accumulator to a high pressure accumulator. 

23. An integrated drive module for providing motive power to a 
drive axle of a vehicle, comprising: 

a casing; 

a first pump/motor enclosed within the casing, the first pump/motor 
having a first output shaft; 

a second pump/motor enclosed within the casing; 

a third pump/motor enclosed within the casing, configured to share a 
second output shaft with the second pump/motor and operate in opposition to the 
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second pump/motor for substantial cancellation of axial forces of the second and 
third pump/motors; and 

a differential enclosed within the casing and coupled to the first and 
second output shafts, the differential being configured to distribute torque from the 
first and second output shafts to right and left axle segments of the drive axle of 
the vehicle. 

24. A method of operating a vehicle, comprising: 

changing a displacement of a first pump/motor encased within a 
machine casing; 

changing torque applied to an output shaft of the first pump/motor in 
response to the change in displacement; 

changing rotation of a ring gear of a first differential coupled to the 
output shaft and encased within the machine casing in response to the change in 
torque; and 

distributing rotational force to axle segments of a first axle coupled to 
the first differential. 

25. The method of claim 24, further comprising changing from a 
first gear to a second gear of a transmission encased within the machine oasing 
and coupled between the output shaft and the ring gear. 

26. The method of claim 25, further comprising comparing a 
power demand with a selected threshold, and wherein the changing from the first 
gear step is performed when the power demand exceeds the selected threshold. 

27. The method of claim 24, further comprising: 

changing displacement of a second pump/motor encased within a 
second machine casing; 
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changing torque applied to an output shaft of the second pump/motor 
in response to the change in displacement; 

changing rotation of a ring gear of a second differential coupled to 
the output shaft of the second pump/motor and encased within the second 
machine casing in response to the change in torque; and 

distributing rotational force to axle segments of a second axle 
coupled to the second differential. 

28. The method of claim 27, further comprising comparing a 
power demand with a selected threshold, and wherein the changing displacement 
of the second pump/motor step is performed when the power demand exceeds the 
selected threshold. 

29. A method for operating a hydraulic hybrid vehicle, comprising: 
sensing an increase in demand for motive power from the vehicle; 
applying an increased amount of torque from a hydraulic motor to an 

output shaft of the motor, responsive to the increased demand for motive power; 

transmitting the torque from the output shaft of the hydraulic motor to 
a differential through an operatively connected multi-speed transmission engaged 
in a first gear ratio; 

distributing the torque to right and left drive axle segments of the 
vehicle through the differential, said differential enclosed within a common housing 
with the hydraulic motor and multi-speed transmission, said housing being 
attached to the vehicle; 

destroking the hydraulic motor for a selected time interval to 
temporarily reduce the amount of torque supplied by the hydraulic motor during 
that time interval; 

changing the gear ratio of the multi-speed transmission from the first 
gear ratio to a second gear ratio in conjunction with said time interval; and 
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restroking the hydraulic motor to again increase the amount of torque 
supplied by the hydraulic motor responsive to a continued demand for motive 
power from the vehicle. 

30. The method of claim 29, wherein the multi-speed transmission 
is a two-speed transmission. 

31 . The method of claim 30, wherein the first gear ratio is greater 
than 2:1 and the second gear ratio is approximately 1:1. 

32. The method of claim 30, wherein the first gear ratio is 
approximately 3:1 and the second gear ratio is approximately 1:1. 

33. The method of claim 32, wherein the changing of the gear 
ratio from approximately 3:1 to approximately .1:1 occurs in combination with 
restroking the hydraulic motor, resulting in substantially the same amount of torque 
transmitted to the differential as just before the destroking step. 

34. The method of claim 33, wherein the changing of the gear 
ratio occurs smoothly with just one transmission step change. 

35. The method of claim 29, further comprising thereafter 
decoupling the hydraulic motor from the differential upon a decrease in the 
demand for motive power from the vehicle to below a preselected threshold level. 
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